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GRAPHICAL  ABSTRACT 


►  Ordered  mesoporous  Ru  was  elec- 
trochemically  prepared  via  liquid 
crystal  templating. 

►  Electro-oxidation  resulted  in 

ordered  mesoporous  RuOx  with 

-400  Fg-1. 

►  Deposition  of  mesoporous  Ru  on 
p-electrodes  with  5  pm  gap  was 
achieved. 

►  RuOx  micro-supercapacitor  had 

specific  capacitance  of  12.6  mF 
cm  2. 

►  RuOx  micro-supercapacitor  had 

specific  energy  of  12.5  Wh  kg  l 
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Synthesis  of  ordered  mesoporous  RuOx  electrodes  was  conducted  by  electro-deposition  using  a  lyotropic 
liquid  crystal  template  method  with  Ti  substrates  and  subsequent  electro-oxidation.  The  obtained 
ordered  mesoporous  Ru  metal  was  characterized  by  XRD,  TEM  and  electrochemical  measurements  in 
0.5  M  H2S04.  After  electro-oxidation  by  potential  cycling,  the  ordered  mesoporous  RuOx  afforded  specific 
capacitance  of  ~400  F  (g-Ru)_1.  A  micro-supercapacitor  with  ordered  mesoporous  RuOx  was  fabricated 
by  controlled  electro-deposition  of  ordered  mesoporous  RuOx  on  an  inter-digitated  array  electrode  (IDA; 
10  pm  electrode  width,  5  pm  gap  and  65  x  2  electrodes).  This  micro-supercapacitor  exhibited  good 
capacitive  property  with  maximum  specific  capacitance  of  12.6  mF  cm-2  and  specific  energy  of  12.5  Wh 
(kg-Ru)-1  based  on  the  mass  of  the  deposited  material. 
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1.  Introduction 

The  recent  surge  for  sophisticated  portable  electronics  and 
wireless  networks  for  smart  environments  has  proven  the  neces¬ 
sity  of  sufficiently  small-sized  compact  energy  storage  devices 
(micro-supercapacitors).  The  challenge  is  to  integrate  the  active 
material  on  electrodes  as  close  as  possible  to  the  electronic  circuit 
(on  chip).  For  such  micro-devices,  MEMS  technology  is  the  most 
favorable  choice  of  fabrication  as  exemplified  by  smart  dust,  p-TAS 
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[1,2]  and  p-DMFC  [3].  Micro-supercapacitor  should  be  suitable  as  an 
auxiliary  power  source  and  for  load-leveling,  owing  to  the  high 
power  density  and  long-cycle  life  [4].  Supercapacitors  (electro¬ 
chemical  capacitors)  are  energy  storage  devices  that  utilize  the 
electric  double  layer  formed  near  the  electrode  surface  sometimes 
accompanied  by  fast  reversible  surface  redox  reactions,  thus 
allowing  fast  and  non-destructive  energy  harvesting  with  virtually 
no  need  for  thermal  management.  Conducting  polymers  such  as 
polypyrrole  [5-8]  and  carbonaceous  material  [9-13]  have  been 
used  as  active  materials  for  micro-supercapacitor.  The  fabrication  of 
micro-supercapacitor  in  most  cases  relies  on  wet-chemical 
methods,  such  as  photolithographic  processes  and  ink-jet 
printing  techniques  since  it  is  necessary  to  deposit  a  small 
amount  of  active  material  onto  a  micro-size  region. 

In  aqueous  electrolytes  Ru02-based  materials  show  extremely 
large  specific  capacitance  [14].  Due  to  the  lack  of  abundance  of  the 
precious  metal,  such  high  performance  material  should  find  use  in 
applications  where  the  deposited  mass  is  quite  low,  i.e.  micro¬ 
supercapacitors.  Micro-supercapacitor  with  0.5  mm  x  2  mm  x  2 
electrode  (20  pm  gap)  made  by  deposition  of  Ru02  •  nH20  using 
direct-laser  printing  method  onto  conducting  substrate  has  been 
reported  to  show  high  energy  density  of  9  mW  g-1  [15].  Fabrication 
of  micro-supercapacitor  composed  of  a  pair  of  10  electrodes  with 
40  pm  electrode  width  and  40  pm  gap  by  inkjet-printing  of  acti¬ 
vated  carbon  has  also  been  achieved  [9].  Electrochemical  deposi¬ 
tion  processes  have  been  successfully  applied  to  deposit  conducting 
polymers  such  as  polypyrrole  directly  onto  electrodes  [5-8]. 
Regardless  of  the  fabrication  techniques,  the  common  challenge  is 
to  deposit  porous  material  on  micro-sized  substrates  without 
shorting  the  positive  and  negative  electrodes. 

In  this  study,  we  have  attempted  to  deposit  ordered  mesoporous 
RuOx  onto  a  commercial  inter-digitated  array  (IDA)  electrode  con¬ 
sisting  of  a  pair  of  65  electrodes  with  10  pm  electrode  width,  5  pm 
gap.  As  far  as  the  authors  are  aware  of,  the  electrode  width  and  gap 
of  the  micro-electrode  used  in  this  study  are  the  smallest  ever  to  be 
applied  for  micro-supercapacitor  applications.  We  have  chosen  to 
apply  a  combination  of  electro-deposition  (for  precisely  controlled 
deposition),  lyotropic  liquid  crystal  templating  (for  producing  a  Ru 
metal  with  an  ordered  mesostructure),  and  electro-oxidation 
(for  gentle  oxidation  of  deposited  Ru  to  RuOx).  Ordered  mesoporous 
Pt  [16-19],  Ni  [20,21],  Ru  [22]  and  Ni(OH)2  [23,24]  have  been 
prepared  by  supermolecular  assembly  of  surfactants  as  template. 
We  have  also  shown  that  ordered  mesoporous  metallic  Ru  can  be 
prepared  by  chemical  reduction  of  Run+  introduced  into  hydrophilic 
region  of  non-ionic  surfactant  Brij  56  [25].  Furthermore,  ordered 
mesoporous  Ru  metal  was  successfully  converted  to  RuOx  by 
electro-oxidation  while  maintaining  its  mesoporous  structure  [25]. 

First  the  details  of  the  synthesis  and  electrochemical  capacitor 
behavior  of  ordered  mesoporous  RuOx  onto  Ti  substrate  with 
1.5  cm  x  1.5  cm  by  electro-deposition  and  electro-oxidation  are 
illustrated.  Next,  the  fabrication  of  a  micro-supercapacitor  using 
commercial  IDA  electrode  is  demonstrated.  Ordered  mesoporous 
Ru  metal  was  electro-deposited  directly  onto  IDA  electrode  by 
using  a  bi-potentiostat  with  four-electrode  system  to  separately 
control  the  electro-deposition  behavior  of  two  working  electrodes 
on  the  IDA  electrode.  After  electro-oxidation,  the  electrochemical 
capacitive  property  of  the  obtained  mesoporous  RuOx  micro¬ 
supercapacitor  was  evaluated  by  cyclic  voltammetry  and  constant 
current  charge/discharge  measurement. 

2.  Experimental 

Hexagonal  lyotropic  liquid  crystal  with  Run+  precursor  in 
hydrophilic  region  was  prepared  by  mixing  RUCI3,  non-ionic 
surfactant  Brij  56  (Ci6H33(OCH2CH2)nOH,  n  ~  10)  and  H20  in  the 


predetermined  ratio  (Brij  56:RuCl3:H20  =  7.5: 0.5: 7.0  in  mass).  This 
well-mixed  lyotropic  liquid  crystal  was  used  as  the  electro¬ 
deposition  bath.  The  electro-deposition  process  was  conducted  in 
a  three-electrode  system  consisting  of  a  titanium  plate  working 
electrode  (1.5  cm  x  1.5  cm),  a  platinum  mesh  counter  electrode  and 
a  Ag/AgCl/KCl  (sat.)  reference  electrode.  Ordered  mesoporous  Ru 
metal  was  electro-deposited  onto  Ti  plate  at  constant  potential 
(-0.2  V  vs.  Ag/AgCl  for  8  h,  -0.3,  -0.4,  -0.5,  -0.6  V  vs.  Ag/AgCl  for 
1  h).  After  electro-deposition,  the  sample  was  carefully  washed 
sequentially  with  ethanol,  acetone  and  ultrapure  water  to  remove 
the  Brij  56  template  and  any  un-reacted  RUCI3.  Ordered  structure  of 
electro-deposited  mesoporous  Ru  metal  was  characterized  by  X-ray 
diffraction  (XRD,  Rigaku  RINT-Ultima/S2I<  with  monochromated 
CuKa  radiation)  and  transmission  electron  microscopy  (TEM,  JEOL 
JEM-2010). 

Electrochemical  measurements  were  carried  out  using  a  beaker- 
type  electrochemical  cell  composed  of  a  Pt  mesh  counter  electrode 
and  a  Ag/AgCl/KCl  (sat.)  reference  electrode  connected  with  salt 
bridge.  A  Luggin  capillary  faced  the  working  electrode  at  a  distance 
of  2  mm.  Electrode  potentials  will  be  referred  to  the  reversible 
hydrogen  electrode  (RHE)  potential  scale.  In  order  to  evaluate  the 
electrochemical  active  surface  area  of  the  electro-deposited  mes¬ 
oporous  Ru  metal,  CO  stripping  voltammetry  was  conducted  by 
electro-oxidation  of  pre-adsorbed  carbon  monoxide  (COad)  in  0.5  M 
H2SO4  at  a  scan  rate  of  10  mV  s-1.  The  amount  of  COad  was  calcu¬ 
lated  by  integration  of  the  COad  stripping  peak,  corrected  for  the 
electrical  double  layer  capacitance,  assuming  a  monolayer  of  line¬ 
arly  adsorbed  CO  on  the  metallic  Ru  surface  and  the  Coulombic 
charge  necessary  for  oxidation  as  420  pC  cm-2.  Electrochemical 
oxidation  was  carried  out  to  convert  from  Ru  metal  to  RuOx  by 
potential  cycling  between  0.2  and  1.2  V  vs.  RHE  at  a  scan  rate  of 
50  mV  s-1  for  500  cycles.  Then  the  capacitive  behavior  of  electro- 
oxidized  mesoporous  RuOx  was  estimated  by  cyclic  voltammetry 
in  0.5  M  H2SO4  electrolyte  and  the  specific  capacitance  was  calcu¬ 
lated  by  averaging  the  anodic  and  cathodic  charge  from  the  cyclic 
voltammograms. 

A  commercialized  inter-digitated  array  (IDA)  electrode  (BAS  Inc., 
Japan)  was  used  as  a  micro-supercapacitor  substrate.  Electro¬ 
deposition  process  of  mesoporous  Ru  metal  onto  IDA  electrode  was 
performed  by  using  a  bi-potentiostat.  The  IDA  electrode  is  composed 
of  two  65  carbon  electrodes  (2  mm  long  x  10  pm  width  and  5  pm  gap, 
1.3  mm2  per  electrode)  and  a  carbon  counter  electrode.  A  Ag/AgCl/ 
KC1  (sat.)  electrode  was  used  as  the  reference  electrode.  First,  the 
potential  of  electrode  1  was  set  to  -0.3  V  vs.  Ag/AgCl  while  applying 
1.0  V  vs.  Ag/AgCl  to  electrode  2  for  15  min.  This  allowed  deposition  of 
mesoporous  Ru  metal  on  electrode  1  while  preventing  unnecessary 
deposition  of  Ru  metal  onto  electrode  2.  Then,  the  potentials  of  the 
two  working  electrodes  were  reversed  to  electro-deposit  meso¬ 
porous  Ru  metal  onto  electrode  2.  This  sequence  was  repeated  3 
times.  After  electro-deposition,  the  electrode  was  thoroughly 
washed  with  ethanol  and  ultrapure  water.  Finally,  mesoporous  Ru/ 
IDA  was  electro-oxidized  by  potential  cycling  between  0.2  and  1.2  V 
vs.  RHE  at  a  scan  rate  of  50  mV  s-1  for  500  cycles  in  0.5  M  H2S04  to 
obtain  mesoporous  RuOx/IDA.The  capacitive  behavior  was  evaluated 
by  cyclic  voltammetry  for  the  three-electrode  system  and  by 
constant  current  charge/discharge  measurements  in  the  case  of  two- 
electrode  configuration  in  0.5  M  H2SO4. 

3.  Results  and  discussions 

3.1.  Electrochemical  deposition  of  mesoporous  Ru  metal  and 
capacitive  behavior  of  electro-oxidized  mesoporous  RuOx 

The  low  angle  XRD  patterns  of  electro-deposited  mesoporous 
Ru  metal  prepared  at  different  deposition  potentials  (Fed)  are 
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Fig.  1.  (a)  Low  and  (b)  high  angle  XRD  patterns  of  thin  film  products  obtained  at 
various  electro-deposition  potentials,  £ED.  The  XRD  pattern  of  the  mixture  of  the 
precursor  before  electro-deposition  is  shown  in  (a)  as  a  reference. 


shown  in  Fig.  la.  The  lyotropic  liquid  crystal  phase  containing 
RUCI3  precursor  (sample  before  electro-deposition)  is  also  shown 
as  a  reference.  The  low  angle  XRD  peaks  of  the  sample  before 
applying  any  potential  can  be  indexed  based  on  a  hexagonal 


crystal  structure,  indicating  ordered  arrangement  of  micelle  in 
lyotropic  liquid  crystal  phase.  After  electro-deposition,  a  broad 
XRD  peak  centered  at  d  =  5.8  nm  was  observed  for  Fed  <  -0.3  V  vs. 
Ag/AgCl.  The  d  values  after  electro-deposition  agreed  with  dio 
value  of  lyotropic  liquid  crystal  phase  before  deposition 
(dio  =  5.9  nm),  suggesting  that  the  ordered  porous  structure  of  the 
parent  lyotropic  liquid  crystal  phase  is  preserved  in  the  electro- 
deposited  film.  The  dio  value  of  5.8  nm  corresponds  to  a  pore- 
to-pore  distance  of  6.7  nm.  These  results  are  in  agreement  with 
that  of  chemically  reduced  mesoporous  Ru  metal  [25].  At 
Eed  =  -0.2  V  vs.  Ag/AgCl  the  low  angle  XRD  peak  was  severely 
broadened  and  observed  at  higher  diffraction  angle,  suggesting 
a  disordered  meso-structure. 

Evidence  of  reduction  to  Ru  metal  was  obtained  from  the  high 
angle  XRD  patterns  (Fig.  lb).  A  weak,  broad  peak  was  observed  near 
26  =  41° -44°  at  low  Fed,  which  correspond  to  the  (002)  and  (101) 
diffraction  peaks  for  Ru  metal. 

The  TEM  images  of  various  electro-deposited  mesoporous  Ru 
metal  films  are  shown  in  Fig.  2.  The  samples  were  mechanically 
scraped  off  from  Ti  substrate  for  the  TEM  observations.  Ordered 
mesoporous  array  was  observed  for  FEd  <  -0.3  V  vs.  Ag/AgCl.  The 
one  dimensional  tunnel-like  pores  observed  in  Fig.  2c  reflect  the 
structure  of  the  hexagonal  phase.  The  distance  observed  in  the  TEM 
image  ( ~  6  nm)  closely  matches  the  dio  =  5.9  nm  calculated  from 
XRD  pattern.  The  mesoporous  structure  of  electro-deposited  film  at 
-0.6  V  vs.  Ag/AgCl  was  hexagonal  (Fig.  2e).  The  pore-to-pore 
distance  of  7—7.5  nm  observed  for  the  film  electro-deposited  at 
-0.6  V  vs.  Ag/AgCl  is  consistent  with  the  estimated  value  obtained 
from  the  XRD  pattern  (6.7  nm).  The  TEM  images  also  reveal  that  the 
meso-structures  have  a  wall  thickness  of  about  3  nm.  The  TEM 
images  of  the  sample  obtained  at  FEd  =  -0.2  V  vs.  Ag/Ag/Cl  (Fig.  2a) 
showed  no  evidence  of  ordered  structure,  which  is  in  agreement 
with  the  XRD  data.  Based  on  the  results  from  XRD  measurements 
and  TEM  observations,  it  is  concluded  that  ordered  mesoporous  Ru 


Fig.  2.  TEM  images  of  mesoporous  Ru  metal  electro-deposited  at  (a)  -0.2,  (b)  -0.3,  (c)  -0.4,  (d)  -0.5,  and  (e,  f)  -0.6  V  vs.  Ag/AgCl. 
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Fig.  3.  CO-stripping  voltammograms  of  mesoporous  Ru  metal  at  10  mV  s  1  in  0.5  M  H2S04  obtained  by  electro-deposition  at  (a)  -0.2,  (b)  -0.3,  (c)  -0.4,  (d)  -0.5,  and  (e)  -0.6  V  vs. 
Ag/AgCl. 


metal  film  was  successfully  electro-deposited  when  Eed  <  -0.3  V 
vs.  Ag/AgCl. 

The  electrochemical  active  surface  area  of  mesoporous  Ru  metal 
was  evaluated  by  CO-stripping  method.  CO-stripping  voltammo¬ 
grams  of  the  products  obtained  at  various  Ee d  Are  shown  in  Fig.  3. 
The  voltammograms  are  similar  in  shape  to  carbon  supported  Ru 
metal  [26].  The  electrochemically  active  surface  areas  ranged 
between  70  and  130  m2  g-1  (Table  1). 

Ordered  mesoporous  Ru  metal  was  electro-oxidized  to  convert  to 
mesoporous  RuOx  by  sweeping  the  potential  between  0.2  and  1.2  V 
vs.  RHE  for  500  cycles  at  50  mV  s^1  (Fig.  SI).  A  typical  TEM  image 
of  the  electro-oxidized  product  is  shown  in  Fig.  4.  The  ordered 
mesoporous  structure  is  sustained  after  the  electro-oxidation 
process.  Cyclic  voltammograms  of  ordered  mesoporous  RuOx  after 
electro-oxidation  are  shown  in  Fig.  5.  The  cyclic  voltammograms 
exhibited  rectangular  shape  with  a  broad  redox  peak  at  0.7  V  vs.  RHE, 
typical  of  ideal  capacitive  behavior  including  some  contribution 
from  pseudo-capacitance.  Ordered  mesoporous  RuOx  exhibited  high 


Table  1 

Electrochemically  active  surface  area  of  mesoporous  Ru/Ti  and  specific  capacitance 
of  mesoporous  RuOx/Ti. 


Eed/V  vs.  Ag/AgCl 

Electrochemically 
active  surface  area/m2  g-1 

Specific  capacitance/F 
(g-Ru)-1 

-0.20 

130 

450 

-0.30 

130 

380 

-0.40 

110 

370 

-0.50 

120 

410 

-0.60 

70 

340 

Fig.  4.  TEM  image  of  ordered  mesoporous  RuO*  electro-deposited  at  -0.6  V  vs.  Ag/ 
AgCl  and  subsequently  electro-oxidized. 
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E/ V  vs.  RHE  E  /  V  vs.  RHE  E  /  V  vs.  RHE 


E/Vvs.  RHE  E/Vvs.  RHE 

Fig.  5.  Cyclic  voltammograms  of  mesoporous  RuOx  after  electro-oxidation  of  mesoporous  Ru  metal  obtained  by  electro-deposition  at  (a)  -0.2,  (b)  -0.3,  (c)  -0.4,  (d)  -0.5,  and 
(e)  -0.6  V  vs.  Ag/AgCl.  Electrolyte:  0.5  M  H2S04,  scan  rate  2  (line),  20  (dotted  line),  200  (broken  line)  mV  s-1. 


Fig.  6.  Optical  microscopic  images  of  overall  (a— d)  and  magnified  view  (e-h)  for  IDA  electrode.  (a,e)  Before  electro-deposition  (as-received  IDA  electrode).  After  electro-deposition 
of  mesoporous  Ru  metal  onto  IDA  electrode  by  (b,f)  electro-depositing  both  electrodes  at  once  (Scheme  la),  (c,g)  sequential  electro-deposition  onto  one  electrode  at  a  time  (Scheme 
lb),  and  (d,h)  bi-potentiostatic  electro-deposition  onto  one  electrode  at  a  time  (Scheme  lc). 
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specific  capacitance  of  ~400  F  (g-Ru)-1  (Table  1).  The  specific 
capacitance  in  this  study  is  smaller  than  that  of  Ru02  •  nH20 
prepared  by  sol-gel  method  [14]  probably  due  to  the  larger  primary 
particle  with  about  3  nm  diameter  and  possible  incomplete  oxida¬ 
tion.  Under  the  electro-oxidation  conditions  applied  in  this  study, 
only  surface  and/or  near  surface  layers  may  have  been  oxidized. 


3.2.  Micro-supercapacitor  properties  of  inter- digitated  array 
electrode  modified  with  electro-deposited  mesoporous  RuOx 

Fig.  6a, e  shows  the  microscopic  image  of  the  bare  electrode 
before  electro-deposition.  The  black  portion  is  the  carbon  elec¬ 
trode,  and  the  white  region  is  the  electrode  gap  (glass  substrate). 
Initial  attempts  to  electro-deposit  mesoporous  Ru  onto  both  elec¬ 
trodes  1  and  2  simultaneously  (Scheme  la)  were  unsuccessful. 
Deposition  of  active  material  in  the  electrode  gap  could  not  be 
avoided  (Fig.  6b, f),  leading  to  electrical  short-circuiting  which  could 
easily  be  confirmed  by  checking  the  resistance  between  electrodes 


(a)  Electrodeposition  onto  both  electrode  at  once 


Masking 


RE 


=  -0.3  V  vs.  Ag/AgCI 
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(c)  Electrodeposition  separately  onto  one  electrode  using  bi-potentiostat 
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Scheme  1.  Schematic  of  electro-deposition  procedure  of  mesoporous  Ru  metal  onto 
IDA  electrode,  (a)  Electro-deposition  onto  both  electrodes  at  once,  (b)  sequential 
electro-deposition  onto  one  electrode  at  a  time,  and  (c)  bi-potentiostatic  electro¬ 
deposition  onto  one  electrode  at  a  time. 


1  and  2.  Sequential  electro-deposition  onto  electrode  1  followed  by 
electro-deposition  onto  electrode  2  also  proved  ineffective  (Scheme 
lb,  Fig.  6c, g).  In  order  to  evade  deposition  of  electrode  material 
within  the  5  pm  gap,  sequential  electro-deposition  using  a  reverse 
bias  was  conducted  using  a  bi-potentiostat  system  as  shown 
in  Scheme  lc.  Mesoporous  Ru  was  first  electro-deposited  by 
applying  -0.3  V  vs.  Ag/AgCI  to  electrode  1  for  15  min  while  keeping 
the  potential  of  electrode  2  at  1.0  V  vs.  Ag/AgCI.  The  potential  of 
electrode  2  is  essential  to  assure  that  electrodes  1  and  2  are  not 
short-circuited.  Next,  the  potentials  of  the  two  working  electrodes 
were  reversed  to  electro-deposit  mesoporous  Ru  metal  onto  elec¬ 
trode  2.  This  sequence  was  repeated  3  times.  As  shown  in  Fig.  6b, f, 
preferential  electro-deposition  onto  both  electrodes  1  and  2  was 
achieved  by  this  bi-potentiostatic  deposition  technique. 

The  microscopic  image  of  the  bare  IDA  electrode  is  compared 
with  that  after  the  first  bi-potentiostatic  electro-deposition  onto 
electrode  1  in  Fig.  7a  and  b.  Three  regions  with  different  contrast 
could  be  observed  after  the  first  bi-potentiostatic  electro-deposi¬ 
tion  (Fig.  7b).  The  black  region  is  the  bare  carbon  electrode  2,  the 
gray  region  is  electrode  1  with  electro-deposited  mesoporous 
Ru  metal,  and  the  white  area  is  the  glass  substrate.  It  should  be 
noted  that  such  clear  images  could  not  be  obtained  without  the 
reverse  bias.  The  microscopic  image  of  the  IDA  after  3  cycles  of  bi- 
potentiostatic  electro-deposition  onto  electrodes  1  and  2  is  shown 


Fig.  7.  Optical  microscopic  images  of  IDA  electrode  for  (a)  before  electro-deposition, 
(b)  after  bi-potentiostatic  electro-deposition  onto  one  side,  (c)  after  bi-potentiostatic 
electro-deposition  onto  both  electrodes. 
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Fig.  8.  SEM  image  of  mesoporous  Ru  metal/IDA  electrode. 


Fig.  9.  CO-stripping  voltammogram  of  mesoporous  Ru  metal  on  IDA  electrode  for 
electrode  1+2  (electrodes  1  and  2  connected  in  series)  in  0.5  M  H2S04  at  2  mV  s-1. 


in  Fig.  7c.  No  short-circuiting  was  observed.  SEM  images  of  the 
electro-deposited  Ru  showed  wormhole-like  mesostructure 
(Fig.  8). 

CO-stripping  voltammograms  of  mesoporous  Ru  metal  on  IDA 
electrode  for  electrode  1  +  2  are  exhibited  in  Fig.  9.  The  calculated 
surface  area  of  Ru  metal  on  IDA  electrode  is  40.3  cm2.  Based  on  the 


E/Vvs.  RHE 


Fig.  10.  Cyclic  voltammograms  of  mesoporous  RuOx/IDA  electrode  for  electrodes  1,  2 
and  electrode  1+2  (electrodes  1  and  2  connected  in  series)  both  at  50  mV  s-1  in  0.5  M 
H2S04. 
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Fig.  11.  (a)  Charge/discharge  curve  at  0.77  mA  cm-2  and  (b)  discharge  curves  at  various 
discharge  currents  for  mesoporous  RuOx  micro-supercapacitor  in  0.5  M  H2S04. 


specific  surface  area  of  mesoporous  Ru  metal/Ti  of  130  m2  g-1 
(Fed  =  -0.3  V  vs.  Ag/AgCl),  the  amount  of  Ru  on  Ru/IDA  is  estimated 
as  3.1  pg  (119  pg  cm-2). 

Mesoporous  Ru/IDA  electrode  was  converted  to  mesoporous 
RuOx/IDA  by  electro-oxidation  in  0.5  M  H2SO4.  Cyclic  voltammo¬ 
grams  of  mesoporous  RuOx/IDA  for  electrodes  1  and  2  measured 
individually  in  a  three-electrode  system  are  shown  in  Fig.  10.  The 
capacitance  of  electrodes  1  and  2  was  0.604  mF  and  0.732  mF, 
respectively.  It  can  thus  be  said  that  the  electro-deposited  amount 
of  mesoporous  RuOx  onto  both  electrodes  was  similar.  If  electrodes 
1  and  2  were  to  be  short-circuited,  the  capacitance  of  electrode  1, 
electrode  2,  and  electrode  1+2  (electrodes  1  and  2  connected  in 
series)  would  all  be  equal.  The  capacitance  of  electrode  1+2  gave 
capacitance  of  1.328  mF  (Fig.  10),  matching  the  sum  of  the  capaci¬ 
tance  of  electrodes  1  and  2.  Using  the  capacitance  of  1.328  mF  and 
the  specific  capacitance  value  of  380  F  (g-Ru)-1  for  mesoporous  Ru 
metal/Ti  (FED  =  -0.3  V  vs.  Ag/AgCl),  the  amount  of  Ru  on  Ru/IDA  is 
estimated  as  3.49  pg.  The  estimated  value  is  in  good  agreement 
with  that  obtained  from  CO-stripping  voltammetry. 


Specific  Energy  /  Wh  kg’ 


Fig.  12.  Ragone  plot  of  fabricated  mesoporous  RuOx  micro-supercapacitor. 
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The  capacitive  performances  of  mesoporous  RuOx/IDA  micro¬ 
supercapacitor  were  measured  by  constant-current  charge/ 
discharge  measurements.  Constant  current  charge/discharge  curves 
after  electro-oxidation  of  mesoporous  Ru  exhibited  ideal  capacitive 
charge/discharge  behavior  as  given  in  Fig.  11a.  At  the  smallest 
current  density  of  0.38  mA  cm-2,  a  maximum  specific  capacitance  of 
12.6  mF  cm-2  (0.328  mF)  was  obtained.  The  capacitance  value  of 
0.328  mF  is  approximately  one-half  of  the  single  electrode  capaci¬ 
tance  of  electrode  1  (0.604  mF)  obtained  from  cyclic  voltammetry. 
This  is  in  agreement  to  the  capacitance  equation  of  a  two  electrode 
System  where  Ctwo  —  1/^electrode  1  +  1/^electrode  2- 

The  specific  capacitance,  energy,  and  power  were  calculated 
using  the  mass  of  Ru  obtained  from  CO-stripping  voltammetry 
(3.1  pg-Ru).  The  maximum  specific  energy  was  12.5  Wh  (kg-Ru)_1 
(1.49  pWh  cm-2)  at  0.38  mA  cm-2  and  maximum  specific  power 
was  6.29  kW  (kg-Ru)-1  (750  pW  cm"2)  at  2.88  mA  cm~2  (Fig.  12, 
Table  SI ).  The  energy  density  is  comparable  to  a  Ru02-based  micro¬ 
supercapacitor  fabricated  by  laser  direct  write  and  micromachining 
[15].  The  obtained  power  performance  is  not  as  good  as  expected, 
maybe  due  to  ohmic  resistance  of  the  carbon-based  IDA  electrode. 

4.  Conclusion 

We  have  successfully  prepared  ordered  mesoporous  Ru 
metal  thin  film  on  a  Ti  substrate  by  electro-deposition  process 
from  lyotropic  liquid  crystal  as  a  template.  The  ordered  mesoporous 
Ru  metal  has  a  well-ordered  mesoporous  structure  in  a  hexagonal 
array  with  electrochemically  active  surface  area  of  ~  100  m2  g_1. 
Hexagonally  ordered  mesoporous  RuOx/Ti  was  obtained  by  electro¬ 
oxidation  in  0.5  M  FI2SO4  and  exhibited  a  specific  capacitance 
of  ~400  F  (g-Ru)_1.  Furthermore,  mesoporous  RuOx  was  success¬ 
fully  electro-deposited  onto  an  IDA  electrode  composed  of  a  pair  of 
65  electrodes  with  10  pm  width  and  5  pm  gap.  Mesoporous  Ru  metal 
was  electro-deposited  onto  the  IDA  electrode  using  bi-potentiostatic 
electro-deposition  and  subsequently  electro-oxidized.  The  thus 
prepared  mesoporous  RuOx  micro-supercapacitor  exhibited  good 
electrochemical  capacitor  properties  with  specific  capacitance  of 
12.6  mF  cm-2  and  a  specific  energy  of  12.5  Wh  (kg-Ru)-1. 
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